Abstract. Holocene Black Sea sediments recovered in 1988 and 1993 from box cores and gravity cores were analyzed geochemically, microscopically, and with backscattered electron imagery (BSEI) in order to determine the temporal, geochemical, and sedimentological relationships between the benthic flocculent layer (often referred to as the fluff layer) and the formation of underlying laminated unit I sediments. Existence of a permanent benthic fluff layer in the Black Sea basin is suggested, acting as a geochemical transition layer within which all sedimentary particles are hydraulically sorted and particles subject to dissolution or organic remineralization are altered prior to accumulation. We propose that particle residence time within the benthic fluff layer is a key factor in determining sedimentary microfabric and geochemical composition of laminated unit I sediments. We present a schematic model depicting the above relationships and use it to propose a paleoflux scenario for laminae formation in the unit II sapropel.
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sent varves or not. They suggest three possible origins of the fluff: (1) it represents resuspended surficial sediment, (2) it is the product of an anomalous single depositional event, or (3) it is a permanent feature and results from steady state processes. The first option can be ruled out because of the geochemically distinct character of the fluff, as compared to the immediately underlying sediments, in terms of particulate organic carbon (POC), opal, carbonate and organic compound composition, and radionuclide inventories [Beier et [Pilskaln, 1991 ] and 150-400 cm 3 of the underlying 2 cm of sediment were subsampled from each box core and poisoned with 4% buffered formalin. The sediment samples were sieved through nylon sieves of 500, 250, 125, and 63 gm to size fractionate the sedimentary components; the fluff samples were not size fractionated by sieving as the material was all <63 •tm. Each sediment size fraction and fluff sample was examined and documented using light and scanning electron microscopy and then analyzed in triplicate for POC, calcium carbonate, opaline silica, and lithogenic content using standard wet-chemical procedures [Pilskaln, 1991 ] . A 1.0 M acetic acid leach method was used to determine CaCO• content based on dry sample weight loss. Decalcified samples were combusted at 500øC for 3 hours to quantify the total amount of combustible (organic) and noncombustible (biogenic opal plus lithogenic) content. POC was determined from decalcified samples with a CHN analyzer. Opaline silica content was analyzed by leaching decalcified samples with a 1.0 M NaOH solution and spectrometrically determining the amount of reactive silica in the !eachate (modified from Egglinen et al., [1980] ). Lithogenic content was calculated as the difference between total noncombustible and opal content (equal to biogenic SiO2 calculated from reactive silica.
Gravity Cores and Sediment Fabric Analysis
Detailed sedimentary logs of the four gravity cores recovered in 1993 were compiled from visual core description and smear slide analysis. Smear slides were made using toothpicksized sediment samples from four white and four dark laminae of unit I and four light and dark laminae samples from unit II (cores BS254 and BS256; Figure 2 ) and were mounted using Naphrax mounting media. Five 2 cmx 2cm x-5 cm long intact sediment blocks were cut from cores BS250 and BS254 ( Figure  2 ) and embedded using a fluid displacive, low-viscosity resin [Pike and Kemp, 1996] . Highly polished thin sections were produced from the resin-embedded sediment core blocks, carbon-coated, and analyzed with SEM BSEI following the procedtire of Pike and Kemp [1996] These laminae have a pinch-and-swell appearance similar to the ' white, coccolith-rich laminae of unit I (Figures 8b, 8d, 10a, and   10b ). Dark, low backscatter coefficient laminae consist of amorphous organic matter, isolated lithogenic grains, dinoflagellates, and extremely rare, poorly preserved diatom.frustules (Figures 10a, 10d, and 10e) . The dark laminae of unit II have a thin, wavy character and appear more porous as compared to the thicker, light-colored lithogenic laminae (Figures 10a-d) . Overall, the individual laminae of unit II tend to be thinner than those of unit I (Figures 7 and 9 ). Our detailed BSEI study indicates that winter-spring sedimentation events actually produce two distinguishable lamina: a dark gray, lithogenic-rich lamina and a black, organic-rich/opal lamina, which together form the single dark or black lamina of the Black Sea varve couplets easily recognized in core sections. Hay et al. [1990] suggest that diatom blooms occurring in the winter-spring might effectively remove more suspended terrigenous/lithogenic material from the water column by physical scavenging compared to the summer-fall coccolithophore blooms owing to the winter-spring peak in river discharge into the Black Sea.
Our data indicate that the flux of terrigenous/lithogenic material may not be primarily associated with the flux and delivery of diatom opal as we observe distinctly lithogenic-rich laminae as well as more organic-rich/diatom opal-containing laminae. However, the lack of diatom opal resulting from dissolution in the lithogenic-rich laminae must also be considered. The occurrence of pellet-shaped, lithogenic aggregates in our type 2, dark gray, lithogenic-rich laminae may represent winter-spring deposited zooplankton fecal pellets in which the opal has dissolved.
Role of Fecal Pellets in the Formation of Unit I White
Laminae Results from the above described analyses indicate that the thick, white laminae in unit I result from the deposition of densely packed, coccolith-rich zooplankton fetal pellets and coccolith-packed marine snow aggregates which settle out of the water column during the summer-fall season when E. huxleyi blooms are prevalent in the Black Sea [Hay, 1988 Although the summer-fall white laminae are full of coccoliths, they are poor in organic carbon relative to the black, organic-rich/opal Iaminae. This is somewhat puzzling considering the fact that sediment traps have measured the highest annual POC fluxes through the water column during the summer-fall period of coccolithophorid blooms [Hay, 1988; Hay et al., 1990] . Organic biomarker studies of Black Sea surface sediments are somewhat ambiguous in terms of the relative importance of coccolithophores, diatoms, and terrestrial higher plants in contributing to sedimentary organic carbon . One possible explanation for the lack of POC in the white laminae may be that the POC produced and exported to the sediment-water interface in the form of pellets and aggregates following coccolithophorid blooms is highly labile, rapidly oxidized, and results in a relatively organic-poor but calcite-rich white lamina. The amorphous organic matter within our Black Sea type 3 thin black laminae and within the largely terrigenous black iaminae described by Hay [1988] may be of higher plant origin and possibly of a more refractory nature. The fluff layer collected in 1988 consists of springproduced, biogenic opal particles and a notable high abundance of single coccoliths and clay particles. Both coccoliths and clays are extremely small particles, only micron-scale in size, and thus would be expected to display substantially reduced to negligible individual settling velocities through the gelatinous fluff layer. Because these components are not subject to the geochemical transformation processes of dissolution or degradation that affect the opal and organic carbon particle elements in the fluff layer, they may remain suspended in the layer for long periods of time. On the basis of our hypothesis that the benthic fluff layer is a permanent particle sorting and geochemical transition layer, we expect the composition of the layer at any one point in time to reflect the sorting and geochemical processes 'operating on the seasonally delivered particle components. Thus the benthic fluff will likely have a high content of individual coccolith and clay minerals and an absence of dense, heavy aggregates (such as fecal pellets and marine snow aggregates), regardless of the season, owing to hydraulic sorting as well as the conditions that favor chemical preservation of calcium carbonate in the Black Sea basin [Shimkus and Trimonis, 1974; Hay, 1988] . The amount of opaline silica and POC within the fluff layer will vary intra-annually as the delivery rate or flux of these materials fluctuates seasonally and as they are subject to dissolution and degradation processes upon reaching the sediment-water interface. In this manner, the fluff layer's composition is geochemically transitional on a seasonal basis dependent upon the seasonal delivery of particulate flux constituents (i.e., relatively higher opal following spring blooms, higher coccolith carbonate following summer-fall periods, etc.), but it is a physically permanent feature of the Black Sea sediment-water interface. Heavy or dense aggregated particulate material will tend to settle through the fluff and accumulate at the base, although fecal pellets full of opaline diatom and silicoflagellate material and without a periotrophic membrane may disintegrate quickly at the sediment-water interface. The amount of opal accumulating at the base of the fluff layer will largely be a function of whether or not it is protected within fecal pellets.
Hydraulic Sorting and Geochemical Transformations
On the basis of our study and the dating of the uppermost laminated sediment of unit I recovered in the 1988 box cores [Arthur et al., 1994] we are able to place the surface sediments and fluff layer into a temporal framework relative to the seasonal particulate flux and the underlying laminated sediments of unit I. In Figure 11 we present a model of Holocene laminae formation using the data presented in this paper, along with previously published Black Sea sediment trap flux and gravity core data. A distinctive black lamina located at approximately the base of our 2 cm protolaminae layer, which we sampled beneath the fluff layer, has been dated at 70 years prior to 1988 [Arthur et al., 1994 [1994] ranging from 20 to 27 cm kyr -•. Thus the heavy, aggregated, and/or pellet-protected seasonal particle flux components will settle through the fluff layer and accumulate at the base, forming the protolaminae. Early diagenetic processes of POC oxidation and opal dissolution will alter the geochemical and microfossil contents of these protolaminae as they accumulate and are buried. Pellets or aggregates settling through the fluff layer may shed small coccoliths, clay minerals, spinose silicoflagellates, and diatoms. These small particles could also be delivered individually to the benthic fluff layer via Both are typified by thick, laterally continuous light-colored laminae with a pinch-and-swell character and a backscatter signal that makes them appear light colored or white. In between these bright laminae are the dark, thinner, more discontinuous laminae with a wavy character and a weak BSEI backscatter signal. The light-colored laminae of unit II have a coalesced and noncoalesced pellet-shape character similar to the thick white laminae of unit I, suggesting that they are also composed of primarily zooplankton fecal pellets and fecal aggregates.
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The seasonal representation of the unit II laminae may be different than that hypothesized for the laminae of unit I. We speculate that the highest seasonal POC fluxes occurring during . the time of unit II deposition were concentrated during spring diatom bloom periods (especially between 5 and 3 ka, when elevated organic carbon accumulation rates in unit II have been attributed to high levels of primary productivity) [Hay, 1988; Hay et al., 1990] . Siliceous diatom and silicoflagellate material was packaged into rapidly settling, POC-rich zooplankton fecal pellets and algal aggregates in the spring, the latter of which may have scavenged large amounts of suspended terrigenous/Iithogenic material from the water column, assuming river input and storm rcsuspension of shelf sediments was high during the winter-spring period. The light, bulbous laminae of unit II represent the depositional product of these fecal pellets and algal aggregates. However, dissolution loss of the majority of the pellet and aggregate-bound opal material coupled with microbial degradation of an unknown amount of the organic matter delivered in the pellets and algaI aggregates has produced the largely terrigenous/lithogenic composition of these unit II laminae [Hay et al., 1990] . In contrast, the thinner, dark laminae of unit II probably resulted from summer-fall particle export when production was dominated by dinoflagellates (which tend to sink individually and rarely are incorporated into fecal pellets) and POM export levels were relatively smaller [Sorokin, 1983] . If the scenario above is correct, the summer-fall laminae might contain some diatom fragments but would consist largely of dinoflagellate and amorphous organic debris as our BSEI analyses have shown. Therefore, as suggested by Hay et al.
[1990], the light and dark laminae of unit II, like unit I, represent the depositional products of contrasting seasons and associated plankton blooms, with postdepositional dissolution of opal and organic carbon remineralization producing a predominantly terrigenous and lithogenic laminae composition.
Conclusions
Results of this study provide a hypothesized model of the temporal and geochemical relationships between the seasonal particle flux, the benthic fluff layer, and underlying Holocene unit I sediments. Chemical transformations and particle hydraulic sorting occurring in the permanent benthic fluff layer are important processes that are key to understanding underlying laminae formation. The new data presented here confirm but also refine the basic interpretations presented by previous workers of the paleofiux events responsible for the seasonal varve formation in the Black Sea. High-resolution BSEI examination of unit I laminae and geochemical and microscopic examination of the top 4 cm of sedimentary material in the Black Sea indicates that seasonal paleofluxes of zooplankton fecal pellets appear to be the primary mechanism by which seasonal deposition occurs and siliceous microfossils are preserved.
